Oxygen-induced retinopathy (OIR) is a well-characterized model for retinopathy of prematurity (ROP), a disorder that results from rapid microvascular proliferation following exposure of the retina to high oxygen levels. Here, we report that the proliferative phase of oxygen-induced retinopathy (OIR) requires transcriptional induction of the annexin A2 (A2) gene through the direct action of the hypoxia-inducible factor-1 (HIF-1) complex. We show, additionally, that A2 stabilizes its binding partner, p11, and promotes OIR-related angiogenesis by enabling clearance of perivascular fibrin. Adenoviral-mediated restoration of A2 expression restores neovascularization in the oxygen-primed Anxa2 -/-retina, and reinstates plasmin generation and directed migration in cultured Anxa2 -/-endothelial cells. Systemic depletion of fibrin repairs the neovascular response to high oxygen treatment in the Anxa2 -/-retina, while inhibition of plasminogen activation dampens angiogenesis under the same conditions. These findings reveal that the A2 system enables retinal neoangiogenesis in OIR by enhancing perivascular activation of plasmin and remodeling of fibrin. These data suggest new potential approaches to retinal angiogenic disorders based upon modulation of perivascular fibrinolysis.
Introduction
ROP is the major cause of severe visual impairment in children in the developed world 1 .
A vascular proliferative disorder that affects preterm and low-birth weight infants upon exposure to supraphysiologic oxygen tension, ROP is increasing in incidence with the greater availability of neonatal intensive care, and more frequent survival of very-low-birth-weight infants. In the initial, vaso-obliterative phase of ROP, high oxygen exposure provokes endothelial cell death due to oxidative injury, nitrative stress, and suppression of oxygen-related growth factors 2 . In the second phase, the resulting retinal ischemia leads to neovascularization characterized by excessive proliferation and vitreal invasion of blood vessels. This pathologic response arises when neurons and supporting astrocytes become severely metabolically deprived due to vasoobliteration, and produce exaggerated amounts of oxygen-regulated angiogenic factors, such as vascular endothelial cell growth factor (VEGF) and erythropoietin. These agents stimulate the regrowth of abnormal vessels that proliferate toward the vitreous, can form a fibrous scar, and, upon contraction, can apply tractional forces that ultimately may detach the retina from its underlying pigment epithelium. Scarring and retinal detachment can lead to vision loss and blindness. Current preventive measures for ROP include restriction of tissue oxygenation and the use of antioxidants, while standard treatment for established disease requires ablative laser photocoagulation or cryotherapy. Newer therapies with VEGF neutralizing antibodies appear promising, but their effects on retinal ganglion cell integrity, the developing cerebral vasculature, and long term visual acuity and visual fields are unknown 2 .
Annexin A2 is a cell surface phospholipid-binding protein that forms a heterotetrameric complex with its partner S100A10 (p11) [3] [4] [5] . The receptor complex binds both plasminogen, the precursor of the major fibrinolytic protease, plasmin, and its activator, tissue plasminogen activator (tPA), thereby accelerating the generation of plasmin [6] [7] [8] . Mice deficient in annexin A2
(Anxa2 -/-), which also lack normal levels of endothelial cell p11 9 , display fibrin accumulation 4 within microvessels, and their isolated endothelial cells are unable to support tPA-dependent plasminogen activation in vitro 10 . Although they sustain normal spontaneous angiogenesis in embryonic life, Anxa2 -/-mice exhibit reduced angiogenesis in growth factor stimulated assays in adulthood. These findings are recapitulated in adult hyperhomocysteinemic mice, in which the A2 protein becomes derivatized upon disulfide linkage with homocysteine, thus preventing tPA binding and plasmin generation 11 .
Here, we examined the A2 system in OIR, a model of pathologic, hypoxia-driven angiogenesis. We found that hypoxia induces the expression of A2 through direct transcriptional induction by hypoxia-inducible factor-1. A2 enabled retinal neovascularization, and the angiogenic block observed in the Anxa2 -/-retina reflected impairment of cell surface fibrinolysis and reduced cell migration in a fibrin-rich milieu. We demonstrated that depletion of fibrinogen exaggerates, while inhibition of plasminogen activation attenuates, oxygen-induced neoangiogenesis in the retina. Our findings highlight the importance of A2-related fibrinolysis in oxygen-induced neoangiogenesis, and could serve as the basis for targeting the A2 system as a potentially novel therapeutic intervention for ROP and other proliferative retinal vascular disorders.
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Materials and Methods

Mice. Anxa2
+/+ and Anxa2 -/-mice were generated on the C57Bl/6 background as previously described 10 . These mice were intercrossed for at least 10 generations with wild type 129/SVJ mice to generate both genotypes on the 129/SVJ background. Anxa2 +/+ and Anxa2 -/-mice exhibited no significant differences in body mass in the course of the experiments. All animal procedures were approved by the Institutional Animal Care and Use Committee of Weill Cornell
Medical College.
Oxygen-induced retinopathy. OIR was induced as previously described using a BioSpherix
ProOX A chamber equipped with ProOx P110 single setpoint oxygen controller, E702 oxygen sensor, and ProCo2 carbon dioxide sensor. P7 mouse pups together with their dam were placed for 5 consecutive days (P7-P12) in a chamber in which the ambient oxygen level was maintained at 75 ± 2%. On P12, they were returned to room air (21% O 2 ). Control pups were maintained in room air throughout the experiment 12 . Mouse retinas were isolated and assayed by immunoblot, RT-PCR, qRT-PCR, immunostaining, and ELISA on days 2-6 post-hyperoxia (P14-P18).
Retinal whole mounts. Eyes from P17 Anxa2 +/+ and Anxa2 -/-mice subjected to room air (21% O 2 ) or hyperoxia (75% O 2 ) were enucleated, and retinas harvested for analysis by whole mount assay as described 13 . Areas of retinal vaso-obliteration and neovascularization from both Anxa2 +/+ and Anxa2 −/− mice were quantified according to Connor et al. 14 .
Cryosection preparation. Under general anesthesia, P17 mice were perfused intracardially with cold PBS containing 5 U/μl heparin sodium (Sigma Aldrich) at 80 cm H 2 O pressure (10 min)
as described 10 . The mouse eyes were collected and fixed in 2% PFA after creating a nick in the anterior cornea. The lenses were removed, and the remaining tissues were cryoprotected in 30% sucrose in PBS (24h), and then transferred to cryosection buffer (30% sucrose: OCT = 1: were isolated and evaluated in migration assays as previously described 10 . Human umbilical vein endothelial cells (HUVECs) were isolated and propagated in M199 Medium (Invitrogen)
supplemented with 20% fetal bovine serum (FBS, Invitrogen), 20 μg/ml endothelial cell growth supplement (ECGS, Sigma Aldrich), 100 μg/ml heparin (Sigma Aldrich), 2 mM L-glutamine, 100 U/ml penicillin G, and 0.1 mg/ml streptomycin sulfate at 37 o C in a 5% CO 2 atmosphere, as previously described 15 . Hif1a +/+ and Hif1a -/-mouse embryonic fibroblasts 16 (courtesy of Dr.
For personal use only. on October 4, 2017. by guest www.bloodjournal.org From Gregg Semenza; Johns Hopkins University School of Medicine); HEK 293 and HEK 293AD cells (Stratagene) were cultured in DMEM (Invitrogen) supplemented with 10% FBS, 2 mM Lglutamine, 100 U/ml penicillin G, and 0.1 mg/ml streptomycin sulfate at 37 o C in 5% CO 2 .
Nuclear and cytoplasmic protein extraction. Nuclear protein was isolated from cultured cells and retinas using an extraction kit (NE-PER Nuclear and Cytoplasmic Extraction Kit, Thermo Scientific) according to the manufacturer's instructions. Cytoplasmic retinal proteins were extracted as described 15 using 3 repetitions of 6-second sonication pulses (30% maximum output) on ice using a Branson Sonifier (VWR). Protein concentration was estimated using the BCA reagent (Thermo Scientific).
Immunoblotting. Proteins extracted from cultured cells and harvested retinas were resolved on 10% or 15% SDS-polyacrylamide gels and transferred to nitrocellulose membranes (Bio-Rad).
The blots were probed with mouse IgG directed against A2, human p11, HIF-1α (all from BD Transduction Labs); HIF-1β (Novus); Erk1/2, Tyr 416 phospho-Src, Src (all from Cell Signaling Technology); and fibrinogen (Dako) (Supplemental Table 2 ). For detection of mouse p11, a peptide representing a portion of the mouse p11 protein (CGDKDHLTKEDLRVLMERE) was conjugated to KLH and used to immunize rabbits (Covance Research Products Inc, Denver, PA); IgG was purified from antisera by protein G affinity. α-actin (Santa Cruz), and pancadherin (Cell Signaling Technology) served as cytoplasmic and cell surface protein loading controls, respectively 10, 15 . Fibrin immunoblotting of mouse retinas was carried out as described 10 . Cell surface protein biotinylation. Analyses of cell surface expression of A2 and p11 were conducted as described 15 . Gel loading was assessed by evaluation of immunoreactivity of IgG directed against pan-cadherin (Cell Signaling Technology).
Immunoprecipitation. Detection of Tyr 23 -phosphorylated A2 was carried out described using antibodies described in Supplemental Table 2 15 .
Plasmin generation assay. tPA-dependent plasmin generation was assayed as previously described 18 .
Cell migration assay. Directed migration of HUVECs, and Anxa2 +/+ and Anxa2 -/-CMECs through fibrin barriers in response to VEGF-A was quantified as described 10 .
Enzyme-linked immunosorbent assay (ELISA). Plasma fibrinogen, as well as VEGF and placental growth factor (PlGF) levels in mouse retinas and other organs, were estimated using Electrophoretic mobility shift assay (EMSA). Interaction between HIF-1 protein and a portion of the human A2 promoter containing a putative hypoxia responsive element (Supplemental Figure 3C ) was examined by EMSA as described 20 . Probes for the ANXA2 gene consisted of protein and human A2 promoter was tested using the Easy ChIP assay kit (Millipore) 16 Table 2 ).
Secondary antibodies consisted of Alexa Fluor 647-conjugated goat anti-mouse IgG (Invitrogen/Molecular Probes). Labeled cells were analyzed using a BD LSR II flow cytometer (BD Biosciences). Nonviable cells were excluded from the analysis using 7-AAD (BD Biosciences).
administered from P12 to P16 (2 U/day, SQ), immediately following transfer of the mice from 75% oxygen to room air. To inhibit plasminogen activation, mice were given tranexamic acid (2.5 mg, IP, Q8h; Sigma Aldrich). 
Results
Annexin A2 promotes oxygen-induced retinal neovascularization. Using two independent criteria, we quantified retinal neovascularization in P17 Anxa2 +/+ and Anxa2 -/-neonatal mice subjected to 75% oxygen for five days (P7-P12) 13, 14 . We found no significant difference in the ratio of the area of vaso-obliteration to total retinal area in Anxa2 +/+ (25.6 ± 1.0%) and Anxa2
-/-(27.5 ± 1.1%) mice (P = 0.23). However, we did detect a 2.5-fold reduction in the ratio of retinal neovascularization to total retinal area in Anxa2 -/-mice (4.7 ± 0.4%) as compared to Anxa2 134 ± 3.5; P =9.0x10 -6 ) ( Figure 2D , E). Together, these data indicate that the complete OIR response depends upon the presence of an intact A2 system.
For personal use only. on October 4, 2017. by guest www.bloodjournal.org From Hypoxia-inducible factor-1 directly regulates annexin A2 gene expression. We determined whether retinal A2 and p11 expression is regulated by oxygen tension. While p11 mRNA levels remained relatively constant in the retina following high oxygen exposure, A2 mRNA levels increased by 2-to 4-fold at P14-P18 ( Figure 3A) . Protein levels of both A2 and p11 increased by 2-5-fold at P16-P18 in comparison to the corresponding RA value, as demonstrated by immunoblot analysis of retinal lysates (5.4 ± 1.2-fold at P16 and 2.0 ± 0.2-fold at P18, n=6, for A2; 4.1 ± 0.6-fold at P16 and 2.2 ± 0.3-fold at P18, n=4, for p11, SE; Figure 3B ). The increased A2 was further confirmed by immunofluorescence staining of retinal sections ( Figure 3C ). We showed previously that A2 stabilizes p11 post-translationally in endothelial cells by masking a polyubiquitination site in the C-terminal region of p11 9 , a finding that explains the increase in p11 protein in the absence of any alteration in p11 mRNA.
To ascertain whether A2 synthesis might be governed by the HIF-1 transcription complex, a master regulator of oxygen-sensitive genes, we first confirmed that HIF-1α was stabilized during OIR. Indeed, from P12-P18, HIF-1α mRNA did not change (Supplemental For (Figure 7B, C) . At the same time, both retinal neo-vascularization and neovascular tuft nuclei decreased by more than half by P17 (Figure 7D-F) . Similar reductions in tPAdependent clot lysis activity, retinal neoangiogenesis, and neovascular nuclei, accompanied by increases in fibrin deposition, were observed in P17, TA-treated Anxa2 -/-mice, even though OIR was already depressed (Supplemental Figure 8) . Together, these data suggest that fibrin is a potent modulator of oxygen-induced retinal neoangiogenesis.
For Our data describe a novel pathway for the regulation of A2 within the hypoxic endothelial cell (Supplemental Figure 9) . We show that, upon stabilization, HIF-1α, presumably in complex with HIF-1β, interacts directly with a putative hypoxia responsive element within the 5'-untranslated region of the A2 gene, leading to activation of the A2 promoter. This interaction resulted in an increase in promoter activity similar to that seen with HIF-α induction of VEGF.
Increased transcription of A2 mRNA resulted in higher A2 protein levels and stabilization of p11 9 . Cell surface A2 and p11 also increased in response to hypoxia-induced phosphorylation of pp60src kinase activation 32 and A2 tyrosine phosphorylation 15 , and was associated with enhanced plasmin generation and migration through a fibrin barrier. Our previous data have revealed that annexin A2 undergoes tyrosine phosphorylation through the action of pp60src kinase, which is activated in response to heat shock, and that this event is required for translocation of A2 to the cell surface 15 . In the present study, we found that activation of src increases dramatically under hypoxia, and, along with increased total expression of both A2 and The present work is also the first, to our knowledge, to identify fibrin and the vascular fibrinolytic system as a critical regulator of retinal angiogenesis in vivo. Fibrin deposition was dramatically increased in the post-hyperoxic Anxa2 -/-, but not Anxa2 +/+ , retina, and prevention of fibrin deposition restored retinal angiogenesis, while inhibition of fibrinolysis curtailed it. The precise mechanism by which fibrin may block neoangiogenesis is unclear. Individual degradation products of fibrin and fibrinogen have been reported to stimulate such diverse and 
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